Molecular motors in cells typically produce highly directed motion; however, the aggregate, incoherent effect of all active processes also creates randomly fluctuating forces, which drive diffusive-like, nonthermal motion. Here, we introduce force-spectrum-microscopy (FSM) to directly quantify random forces within the cytoplasm of cells and thereby probe stochastic motor activity. This technique combines measurements of the random motion of probe particles with independent micromechanical measurements of the cytoplasm to quantify the spectrum of force fluctuations. Using FSM, we show that force fluctuations substantially enhance intracellular movement of small and large components. The fluctuations are three times larger in malignant cells than in their benign counterparts. We further demonstrate that vimentin acts globally to anchor organelles against randomly fluctuating forces in the cytoplasm, with no effect on their magnitude. Thus, FSM has broad applications for understanding the cytoplasm and its intracellular processes in relation to cell physiology in healthy and diseased states.
INTRODUCTION
The cytoplasm of living cells is not a static environment but is instead subjected to a wide variety of forces (Howard, 2001) . For example, molecular motors such as kinesin and dynein generate forces that directionally transport cargo along microtubule tracks, while myosin II motors actively contract actin filaments (Vale, 2003) . These active processes all have clearly established functions in the cell, and their individual forces have been precisely quantified (Svoboda and Block, 1994; Vale, 2003) . Collectively, these forces have important consequences in the cytoplasm: several motors operating coherently can generate large forces for directional transport (Hendricks et al., 2012; Rai et al., 2013) . On an even larger scale, the cooperative activity of a large number of motors and other active processes collectively drive critical functions at the level of the whole cell, such as division, migration, and contraction (Doyle and Yamada, 2010; Dufrê ne et al., 2011; Grashoff et al., 2010; Gundersen and Worman, 2013; Heisenberg and Bellaïche, 2013) . However, the aggregate effect of all the motors and active processes also contribute an incoherent background of fluctuating forces, and the ensemble aggregate of the forces from the incoherent effects of all cellular activities is directly associated with the functional efficiency and the overall metabolic state of the cell (Doyle and Yamada, 2010) . In the cytoplasm, these fluctuating forces can give rise, for instance, to random motion of vesicles, mitochondria, and signaling proteins (Ananthanarayanan et al., 2013; Brangwynne et al., 2008a; del Alamo et al., 2008; Hammar et al., 2012; Han et al., 1999; Jaqaman et al., 2011; Kyoung and Sheets, 2008) and may drive an even broader range of intracellular dynamics.
Because the motion that arises from fluctuating forces in the cytoplasm is random, little previous effort has been made to quantify these forces. Indeed, many researchers have interpreted random cytoplasmic motion as arising primarily from thermally-induced diffusion, not recognizing the role of overall, aggregate forces. The ensemble forces from overall cellular activity are likely to have a large effect on overall motion within the cytoplasm and would change as the biochemical processes giving rise to these forces are altered during different cell conditions. These forces could thus be a critical readout of the dynamic state of the cell. Because of this, we sought out a direct way to measure aggregate forces within the cytoplasm, aiming to devise methodology for quantifying these forces and testing how they impact different cell states and control motion of cytoplasmic components.
Toward this end, we introduce force spectrum microscopy (FSM), an approach that probes the frequency dependence of the aggregate, incoherent cytoplasmic forces within a cell. To accomplish this, we combine independent measurements of the intracellular fluctuating movement of injected particles with measurements of the mechanics of the cytoplasm performed with active microrheology using laser tweezers. With these measurements, we determine the temporal spectrum of the ensemble of the random, fluctuating forces, demonstrating that this ubiquitous fluctuating motion in cells is not thermally induced, but is instead a consequence of random forces. We then exploit FSM to probe the intracellular micromechanical behavior of malignant and benign cells, and show that cancer cells exhibit a significantly enhanced level of forces, albeit with the same frequency dependence, as predicted by our model. Moreover, we show that these active forces strongly dominate thermal Brownian forces in the cellular interior, impacting motion of objects from nanometers to microns in scale, and providing a fundamental mechanism for transport of objects of all scales. Thus, FSM is a valuable new tool for characterizing the dynamic state of a cell.
RESULTS

Random Intracellular Movement Appears Diffusive
To measure the fluctuating motion in the cytoplasm of eukaryotic cells, we microinjected submicron colloidal particles into A7 melanoma cells (Cunningham et al., 1992) and measured their timedependent motion with confocal microscopy. The particles were rendered inert by attaching a short polyethylene-glycol (PEG) brush layer to their surface to eliminate interactions with biopolymers or proteins (Valentine et al., 2004) . Moreover, because they were microinjected, the particles were not surrounded by a lipid membrane. Unlike smaller tracers that travel freely through the cytoskeletal network, the injected submicron particles were larger than the typical cytoskeletal mesh size, which is about 50 nm (Luby-Phelps, 2000; Luby-Phelps et al., 1987) . Thus, their motion reflects the fluctuations of the cytoplasm itself. To avoid cell-boundary effects, we imaged particles that are greater than $1 mm deep within the cell; we also imaged particles away from both the thin lamellar region and the nucleus to avoid any interactions with the mechanically distinct cell cortex and nucleus (Extended Results). Particle centers were determined in each image with an accuracy of 22 nm. We tracked their trajectories and calculated the time-and ensemble-averaged mean-square displacement (MSD), < Dr 2 (t) >, where Dr(t) = r(t+t)-r(t).
At shorter timescales (t % 0.1 s), the MSD of the probe particles was nearly constant in time; however, the fluctuations were always at least five times larger than the noise floor. At longer timescales (t R 0.1 s), the MSD increased approximately linearly with time, as shown in Figure 1 and Figure S1 , available online. Particles of different size, d, exhibited a similar time dependence, as shown in Figure 1B . Moreover, the amplitude of the fluctuations scaled as 1/d, as shown in Figure 1C ; this is consistent with motion in the continuum viscoelastic environment of the cytoplasm (Hoffman et al., 2006) . Such motion is often interpreted as thermal Brownian motion (Baker et al., 2010; del Alamo et al., 2008; Gupton et al., 2005; Hale et al., 2009; Wu et al., 2012; Yamada et al., 2000) . However, a MSD that increases linearly with time is only consistent with Brownian motion in a purely viscous liquid and at thermal equilibrium, neither of which applies to the cytoplasm (Brangwynne et al., 2008a; Bursac et al., 2005; Hoffman et al., 2006; MacKintosh, 2012; Wilhelm, 2008) . As the cytoplasm is neither a pure viscous liquid or at thermal equilibrium, we concluded that the observed cytoplasmic fluctuations must derive from some other sources other than thermal-based diffusion.
Cytoplasmic Diffusive-like Movement Results from Active Processes
To clarify the active character of the cytoplasmic fluctuating motion, we examined the effect of inhibiting myosin II activity Figure S1 and Movie S1.
in cells. Myosin II is a nonprocessive motor protein that binds to actin filaments and undergoes a power stroke upon ATP hydrolysis (Howard, 2001) . We treated cells with 10 mM blebbistatin, which inhibits myosin II motor activity. After inhibition, we observed a marked decrease in the MSD of injected particles in the diffusive-like regime (t R 0.1 s), while the shorter timescale movement remained essentially unchanged. When we inhibited general motor and polymerization activity by depleting cells of ATP using 2 mM sodium azide and 10 mM 2-deoxyglucose, the MSD became nearly time independent over our experimental timescales ( Figure 1C ; Figure S1A ; Movie S1). Thus, the motion of the particles is driven by active, ATP-dependent processes. Such active behavior is not limited to the cytoplasm or to eukaryotic cells; ATP-dependent random fluctuating motion has also been observed in prokaryotic cells and yeast (Parry et al., 2014; Weber et al., 2012) . To account for this active behavior, we adapted recent theoretical work suggesting that diffusive motion in the cytoskeleton can arise from random motor activity (Lau et al., 2003; MacKintosh and Levine, 2008) : In a filamentous actin network, actomyosin contractile forces exerted by myosin II motors can drive fluctuating deformations. These myosin motors do not act individually but form aggregates, or minifilaments, which bind to the actin network and act as ''disordered muscle fibers,'' applying random contractile forces in the network (Koenderink et al., 2009) . These forces can result in random fluctuations of the network, similar to that observed in reconstituted networks (Brangwynne et al., 2008b; Mizuno et al., 2009; Mizuno et al., 2007) . However, the theoretical framework of actively driven fluctuations requires a network to be nearly elastic, rather than viscous, to account for the diffusive-like motion observed for t R 0.1 s. Thus, a direct measure of the intracellular mechanics is essential to ascertain whether the observed particle motion is due to thermal or active effects (MacKintosh, 2012) .
The Cytoplasm Is a Weak Elastic Solid
To directly measure the micromechanical properties of the cytoplasm, we performed active microrheology measurements using optical tweezers to impose a sinusoidal oscillation as a function of frequency, y, on a 500-nm-diameter probe particle within a cell. The trap stiffness was 0.05 pN/nm as determined using the equipartition theorem to describe Brownian motion of a bead trapped in water (Veigel et al., 1998) . By measuring the resultant displacement of the bead, x(y), subjected to an applied sinusoidal trap oscillation with a force F at frequency y, we extracted the effective spring constant, K(y) = F(y)/x(y), for the intracellular environment (Guo et al., 2013; Mizuno et al., 2007) . The complex shear modulus G = G'+iG'' is related to the spring constant through a generalization of the Stokes relation K = 3pGd. Thus, we can determine the full frequency-dependent modulus of the cytoplasm.
Our active measurements yielded a resultant displacement that was almost in phase with the applied force; therefore, the micromechanical response of A7 cells was predominantly elastic rather than viscous (Figure 2 ). Consistent with this, the measured elastic modulus G' was significantly larger than the loss modulus G'' over the frequency range from 0.3 to 70 Hz ( Figure S2 ). The elastic modulus follows a power-law form, jG(y)j$y b , with b z0.15, in agreement with other measurements (Fabry et al., 2001; Guo et al., 2013) . We also noted that the measured cytoplasmic modulus is approximately 1 Pa ( Figure S2 ), much lower than that measured on the actin cortex (Fabry et al., 2001) ; presumably this reflects the denser crosslinked actin structure in the cell cortex, whereas the beads probe the cytoplasm which is much more dilute and hence lower in elasticity. Thus, our tweezers measurements confirmed that the cytoplasm is an elastic solid across the measured timescales.
Model of Diffusive-like Motion in a Nearly Elastic Medium
The motion of tracer particles directly reflects the fluctuations driven by random motor activity throughout the cell. This provides a basis for an assay that characterizes the average effect of all motor forces; this cannot be done with any other existing technique. To develop this assay, a quantitative description of the random fluctuating motion is required. To do this, we adopted the fundamental force-displacement relationship of any medium, Hooke's law, f = Kx, where f and x are the driving force and the resulting displacement. The material properties are frequency dependent, and the forces are stochastic; thus we consider the quadratic form of the averaged quantities in the fre-
. The MSD, < Dx 2 (t) >, is obtained through the Fourier transform of < x 2 (y) >.
To illustrate the application of the formalism, we consider the simple case of thermally induced Brownian motion in a viscous fluid. In this case, the stochastic thermal forces exerted on the particle are equivalent to white noise and independent of frequency. Furthermore, for a viscous fluid jKj 2 f y 2 , since K'' f hy, with h denoting the fluid viscosity. Therefore, < x 2 (y) > f y -2 ; after Fourier transform, the MSD becomes < Dx 2 (t) > f t, as expected for thermally driven Brownian diffusion in a viscous fluid. However, the laser-tweezer measurements reveal that the cytoplasm is not a simple fluid, but is instead a weak elastic gel; thus, the tracer particle movement directly reflects the average motor activity. Within this picture, the effect of uncorrelated molecular motors, such as those of myosin filament contractions, is to generate random intracellular forces; these drive fluctuating deformations of the elastic network. This in turn drives the fluctuating motion of objects embedded within the network, as illustrated schematically in Figure 3A . Molecular motors generate force during their processivity time, t p , which characterizes the typical period of binding and coherent motion of a motor; at times longer than this, the motor unbinds, and the tension is instantaneously released, as sketched by the time evolution of the force, f(t), in the inset of Figure S1B . A force with this step-like behavior in time leads to a power spectrum of force fluctuations, < f 2 (y) >, that varies with frequency as y -2 (Lau et al., 2003; MacKintosh and Levine, 2008) . For a purely elastic medium, K is independent of frequency, leading to < x
, which again becomes < Dx 2 (t) > f t. Interestingly, this temporal dependence of x is the same as that of thermal motion in a viscous fluid; however, in this case, the motion reflects the random active motor forces in an elastic medium, rather than stochastic thermal agitation in a viscous fluid. The laser-tweezer measurements of the elastic modulus (Figures 2, S2 and S3A) show that the local micromechanical environment experienced by probe particles is in fact not purely elastic, but is instead viscoelastic, with a frequency-dependent spring constant jK(y)j = K 0 y b , where bz0.15. Furthermore, in the measured frequency range, we find no apparent change in the time behavior of the spring constant; therefore, we assume the same time dependence persists. In this case, the frequencyand force-dependent displacement spectrum becomes < x 2 (y) > f y -2(1+b) . Thus, for times less than the processivity time t p , the MSD becomes < Dx
. This is in stark contrast to the thermal motion expected in such a viscoelastic environment as < Dx 2 (t) > f t b kT/K 0 . Indeed, the observed plateau in the MSD at short timescales ( Figure 1B ) is consistent with < Dx 2 (t) > f t b with b z0.15, indicating that the short time regime can be understood as thermal motion in a nearly elastic medium.
Force Spectrum Microscopy Probes Ensemble Aggregate Intracellular Forces
The fluctuating motion of the tracer particles is a direct readout of the average random fluctuations due to the aggregate motor activity in the cell. If both the particle motion and the cytoplasmic The cytoplasmic material property, specifically the spring constant, is measured directly using optical tweezers, also in the frequency domain. (iv) Analogous to a stretched spring, if the spring deformation and spring constant are known, the stretching force can be calculated; in cells, the randomly fluctuating force at each frequency is calculated as < f 2 (y) > = jK(y)j 2 < x 2 (y) >.
viscoelasticity are measured, the spectrum of the average fluctuating force due to these motors, which drives this motion, can be directly determined, through < f 2 (y) > = jK(y)j 2 < x 2 (y) >. This provides a new tool for characterizing the frequency-dependent spectrum of the average force, which is due to the aggregate, yet random effects of all active processes in the cell. While these forces are inherently time-dependent, it is more convenient to describe their frequency-dependent spectrum. We call this new assay Force Spectrum Microscopy (FSM), as summarized schematically in Figure 3B .
To demonstrate the applicability of FSM, we quantified the average aggregate cytoplasmic forces due to active processes in A7 cells. The resultant force spectrum exhibited two distinct frequency regimes, as shown by the red data in Figure 4A : In the low-frequency range, corresponding to timescales t R 0.1 s, < f 2 (y) > is proportional to y À2 ; by contrast, in the high-frequency range, corresponding to t % 0.1 s, < f 2 (y) > has a weaker frequency dependency. These observations are consistent with a low-frequency regime dominated by active forces and a highfrequency regime dominated by thermal forces (Brangwynne et al., 2008a; Lau et al., 2003; MacKintosh and Levine, 2008; Mizuno et al., 2007) . Moreover, based on our model, we estimate that a density of myosin filaments of $1/mm 3 , each generating a force of order 10 pN, can account for the observed force spectrum (see details in Extended Results). This is the first experimental assessment of this important global measurement of the overall enzymatic activity in the cell.
To further establish the applicability of FSM in quantifying active forces in the cell, we suppressed the level of actin-based cytoskeletal forces by inhibiting myosin II motors through the addition of 10 mM blebbistatin to the cell culture medium. As a result, the low-frequency, active component of the force spectrum was suppressed, although the same overall y -2 dependence remained, as shown by the blue data in Figure 4A . Furthermore, when we depleted cells of ATP through addition of 2 mM sodium azide and 10 mM 2-deoxyglucose, we observed a force spectrum that is consistent with purely thermal fluctuations over the full frequency range for the viscoelasticy medium measured directly for these cells, as shown by the black data in Figure 4A . This suggested that, while actomyosin contractions are a significant source of intracellular forces, other enzymatic activities also contribute to the forces and hence the motion experienced by intracellular objects. Moreover, above 10 Hz, the force spectra measured in all cases had the same time dependence and nearly the same amplitudes, consistent with a common thermal origin of the motion in this regime ( Figure 4A ). These results demonstrate the ability of FSM to quantify the degree of motor activity in a cell and to distinguish these active forces from thermal forces. To further explore the utility and sensitivity of FSM, we increased the cytoplasmic stiffness by applying osmotic stress to compress cells (Zhou et al., 2009 ). We observe a marked reduction in the amplitude of particle fluctuations, although the frequency dependence remains unchanged, reflecting the consequences of the increased cytoplasmic stiffness ( Figure S3) . Surprisingly, however, when the force spectrum was calculated, we found that the amplitude of intracellular forces did not change, at least within the range of osmotic pressures applied (see details in Extended Results).
FSM Reveals Differences in the Intracellular Forces within Benign and Malignant Cells
Since FSM probes the consequences of the aggregate forces due to active processes in the cell, it can be used to directly quantify changes in intracellular activity and the dynamic state of the cytoplasm in response to changes in conditions such as drug treatment, external stimuli, or even the disease state of a cell. To illustrate this, we compared the force spectrum of malignant and benign cells. Malignant cells exhibit reduced cell stiffness (Cross et al., 2007; Plodinec et al., 2013) and increased traction forces (Kraning-Rush et al., 2012) , which may provide potential biophysical markers for metastatic progression. Using FSM, we compared the force spectrum in benign (MCF-10A) to that in Figure 4A ), endogenous vesicles and protein complexes (black circle), and mitochondria (blue triangle). The spring constant is measured by active microrheology with probe particles, as shown in Figure 2 . The force spectrum measured with vesicles and protein complexes is in excellent accord with that measured for probe particles. The force spectrum for mitochondria exhibits the same frequency dependence as that for probe particles, but is larger in amplitude; this is consistent with mitochondria are also occasionally directly transported by specific motors within the cell. malignant (MCF-7) breast cancer cells, which are known to exhibit enhanced motility (Chan et al., 2008; Nagaraja et al., 2006) . Tracer-particle motion is significantly enhanced in malignant MCF-7 cells relative to benign cells, as shown in Figure 5A , whereas the cytoplasmic stiffness was only $30% smaller in the malignant MCF-7 cells ( Figure 5B ). When we calculated the force spectrum, we indeed found a significant difference between malignant and benign cells, with malignant cells having a force spectrum with approximately three times larger magnitude than the benign cells; however, the frequency dependence of the spectra remained unchanged ( Figure 5C ). A similar behavior was observed for another pair of malignant and benign cells, M6C and M28 (Holzer et al., 2003) , as shown in Figure S4 . The results suggested, therefore, that highly motile cancer cells have a more active cytoplasm. The enhanced motor activity reflected by the larger magnitude in the force spectrum measured with FSM is consistent with cancer cells exerting increased traction force on the extracellular matrix (Agus et al., 2013) , despite their decreased stiffness; this observation also fits well with biochemical studies showing changes in metabolic and proliferative rates of cancer cells (Deberardinis et al., 2008; Sherr, 1996) . Therefore, FSM provides a tool to identify changes in ensemble intracellular forces and dynamic states of the cytoplasm, even though the origin of these changes is complex. Moreover, our results with malignant cells provide an additional metastatic signature at the subcellular scale and may help elucidate the physical and chemical forces that shape and govern the progression of cancer.
Force Spectrum Microscopy Reveals that Expression of Vimentin Intermediate Filaments Does Not Affect Intracellular Forces
Force spectrum microscopy can identify the contribution of specific cellular components to the overall level of intracellular activity. To demonstrate this, we apply FSM to measure the effect of vimentin intermediate filaments (VIFs) in mesenchymal cells. Vimentin is a type III IF protein that is typically expressed in cells of mesenchymal origin and is widely used as a marker of the epithelial to mesenchymal transition (EMT). VIFs have been shown to induce changes in cell shape, motility, and adhesion during EMT (Mendez et al., 2010) ; however, the role of VIFs in the level of aggregate intracellular forces is unknown because no technique has been able to quantify this property. We used FSM to probe intracellular force spectrum in mouse embryonic fibroblasts (mEFs) from wild-type (WT) and vimentin knockout (Vim À/À ) mice; we found no significant difference in the intracellular force spectrum between WT and Vim À/À mEFs, as shown in Figure S5 . In contrast, the force spectrum was markedly reduced when we depolymerize actin filaments with 5 mg/ml cytochalasin D in WT mEFs. These results suggested that vimentin IFs are mainly structural polymers that are an important contributor to the internal stiffness of cells, but do not affect the aggregate intracellular forces.
Force Spectrum Reveals Motor Processivity Time
The frequency spectrum can quantify additional important, but heretofore unresolved, features of motor activity. This is seen in a more precise investigation of the time dependence of the MSD. At long times, t R 0.1 s, we observe an approximately linear time dependence in the MSD averaged over many particles. By contrast, our model predicts a stronger time dependence, as given by < Dx
. This difference arises from the ensemble averaging over different trajectories; indeed when we examine the MSDs of individual particles, we find that most trajectories exhibit a markedly larger maximum local slope reflecting a stronger time dependence. However, they also exhibit clear evidence of a roll-off or saturation at the longest times, on the order of 10 s, as shown in Figures 6A and S1B . This roll-off behavior is consistent with the finite processivity of motor contractions, at a processivity time, t p ; processive forces are generated by motors with an average duration, t p , and result in finite displacements in the cytoplasm over corresponding timescales. To quantify this, we measure the distribution of logarithmic slopes of the MSD and find a peak near 1.2, as shown in Figure 6B ; this is in excellent agreement with the prediction of < Dx 2 (t) > f t 1+2b with b z0.15. Moreover, the distribution of processivity times is peaked around 5 s, as shown in Figure 6C ; this is an experimental measure of processivity times for the ensemble aggregate forces. The processivity time is not apparent in the ensemble average data, due to the large distribution in processivity times, t p , obscures the effect of individual turnover.
Active Force Fluctuations Increase Vesicle and
Organelle Motion FSM provides a powerful assay to probe the consequences of the aggregate random forces due to motor activity within cells. In particular, it can be used to explore the consequences of these forces on the motion of vesicles, protein complexes, and organelles within the cell, providing insight into the origin of their random motion. We used FSM to probe the effects of random forces on the overall movements of these various structures. The motion of vesicles and protein complexes were tracked using bright-field microscopy in A7 cells. Occasionally, the movement was directed, with these structures moving along a straight path at a constant velocity; however, the majority of the motion was random in nature, with the MSD increasing approximately linearly in time ( Figure 6D ). We inferred the force spectrum acting on these vesicles and protein complexes using a combination of their MSD and the cytoplasmic mechanics measured with active microrheology using laser tweezers on tracer beads. We found that the force spectrum was in excellent accord, both in magnitude and frequency dependence, with that measured for injected probe particles ( Figure 4B ). Moreover, when we suppressed the random cytoplasmic force by inhibiting acto-myosin contraction with 10 mM blebbistatin, we observed a marked decrease in their movements in direct analogy to the behavior observed for probe particles ( Figure 6D ; Movie S2). These results show that the random aggregate motor forces within the cell act on endogenous cytoplasmic structures in the exact same fashion as they do on the probe particles. This illustrates the ubiquity of the effects of the active random forces, and suggests that they may also contribute to intracellular transport.
We also applied FSM to probe the movement of mitochondria within the cell (see details in Extended Results). Interestingly, we observed a force spectrum that exhibits the same frequency dependence as that of the probe particles, but is larger in amplitude by about a factor of 2, as shown in Figure 4B . By carefully observing the shape of mitochondria over time, we identified significant changes in their local configuration. This has an effect of shifting the center of the mitochondria identified during the tracking, thereby adding to the fluctuations, and is likely to contribute to the additional amplitude of the force spectrum. Moreover, it is known that mitochondria are occasionally transported by specific motors along microtubules (Wang and Schwarz, 2009) . Therefore, the observed movement includes contributions from both random force fluctuations and effects from mitochondria specific motors; this is also consistent with larger amplitude of forces observed on mitochondria. Thus, FSM is also able to probe the consequences of shape changes of the objects induced by the random forces and might also provide a way to distinguish the specific and nonspecific effects of motor activity on certain organelles.
Active Force Fluctuations Increase Protein Movement
The force spectra revealed by FSM show that active processes dominate the ensemble cytoplasmic forces at relatively low frequencies ( Figure 4A ), which corresponds to long timescales. In contrast to micron-sized organelles and particles, smaller objects such as nanometer-sized proteins that are smaller than the typical cytoplasmic mesh size, are much more mobile, and the role of the random forces on individual proteins is unclear. To investigate this, we examined both short and long timescale diffusive-like behavior of nanometer-sized proteins. To examine short timescale behavior, we transfected HeLa cells with GFP, and perform fluorescent correlation spectroscopy (FCS) to measure the local dynamics of GFP, over timescales of tens of microseconds. At this scale, we did not resolve significant differences in the apparent diffusion coefficient of GFP between untreated and ATP depleted cells ( Figure S6 ), implying that the random active forces do not affect the motion of individual proteins on short timescales.
Since many signaling proteins and even nutrients travel across larger parts of the cell, over timescales of seconds, this is likely to be affected by the active fluctuating forces at long timescales. To investigate this, we transfected HeLa cells with Dendra2, a 26-kDa fluorescent protein that switches from green GFP-like fluorescence to red RFP-like fluorescence when flashed with 405 nm light (Chudakov et al., 2007a) . By tracking the RFP signal after local photoconversion, we visualize the Dendra2-protein movement throughout the cell, which takes a few seconds; we observe a marked decrease of the spreading of the RFP signal in the ATP-depleted cells as compared to the untreated cells ( Figure 7A ; Movie S3). This is confirmed by plotting the time dependence of the fluorescence intensity profile of the proteins. In the presence of ATP, the profile spreads more rapidly (Figure 7B ) with the width of the profile exhibiting more rapid expansion with time ( Figure 7C ). This result confirms that active forces contribute to the large-scale transport of individual proteins, suggesting that even the transport of small molecules or nutrients can be enhanced by random active processes.
DISCUSSION
We introduce a new assay, force spectrum microscopy (FSM), which directly quantifies the magnitude and frequency-dependence of the aggregate random active processes in the cell. We determine the force spectrum by tracking the random fluctuations of objects combined with the micromechanical characterization of the intracellular environment. This technique provides a direct measure of the forces within cells, which is very challenging by comparison to making measurements of position or motion using microscopy. Furthermore, FSM provides a direct measure of the random aggregate forces attributable to active processes inside the cell and enables these to be distinguished from purely mechanical effects. This provides insight into the consequences of the overall activity within the cell. Using FSM, we show that malignant cancer cells have significantly larger intracellular activity as compared to benign cells, demonstrating its utility in probing the internal dynamic state of cells. We confirm that vimentin IFs contribute mainly to structural mechanics, and not to the forces within the cell. These results demonstrate the ability of FSM to isolate the effects of cellular activity and distinguish it from the effects of cytoplasmic viscoelastic properties on intracellular dynamics. We further show that FSM can be performed on intracellular organelles to investigate random forces experienced by organelles or different objects in cells. These results suggest that FSM may be used as a general assay to quantify the role of the random forces in driving many cellular and developmental processes, such as proliferation and the epithelial to mesenchymal transition. In addition, the information provided by FSM on both the amplitude and frequency spectrum of the random aggregate forces in the cell may yield new insights into the dynamic nature of the cytoplasm, which may help resolve some long-standing issues in disease development and progression and may provide the basis for new diagnostic and therapeutic approaches.
Furthermore, our findings alter the way that we view the cytoplasm of eukaryotic cells. We demonstrate that force fluctuations driven by motor activity play an important, even dominant role in intracellular motion over a broad range of length and timescales, from micron-sized organelles to nanometer-sized proteins and nutrients. These results also confirm that random motion, so ubiquitous in cells, is not a result of thermally-induced fluctuations, but is instead the result of the random forces due to the aggregate motor activity in cells. Thus, interpretation of See also Figure S6 and Movie S3.
intracellular motion based on equilibrium thermal fluctuations, such as is done for passive microrheology (Baker et al., 2010; del Alamo et al., 2008; Wu et al., 2012; Yamada et al., 2000) is incorrect. Moreover, this random motion driven by intracellular force fluctuations can have important consequences for many aspects of cell physiology. For example, many cellular components, such as protein filaments and complexes, storage granules, and intracellular organelles, will be impacted by these active fluctuations in the cytoplasm; these components are involved in processes that are essential for life in natural environments, and their functions depend on their ability to move in the cytoplasm. More specifically, these random fluctuations are likely to be crucial for spatially distributing key cellular machineries, such as ribosomes and proteasomes, to facilitate efficient translation and degradation of proteins. They also could be vital for quick removal of enzyme products from their site of synthesis in metabolic reactions to avoid local concentration effects. Finally, growth and remodeling of the cytoskeleton may depend on these random force fluctuations, which may help ensure, for example, that actin monomers are in continual supply to rapidly growing filaments in the cell periphery.
EXPERIMENTAL PROCEDURES
Cell Culture, Microinjection, and Pharmacological Interventions Cells are maintained under 5% CO2 at 37 C in a humidified incubator. A7 cells (Cunningham et al., 1992 ) (gift from Tom Stossel's lab at Harvard Medical School) are cultured in Dulbecco's minimal essential medium (DMEM) supplemented with 2% fetal calf serum, 8% newborn calf serum (Invitrogen), 10 mM HEPES buffer, 100 U/ml penicillin, and 100 mg/ml streptomycin. WT and Vim À/À mEFs (Guo et al., 2013) are cultured in DMEM with 10% fetal calf serum, 5 mM nonessential amino acids, 100 U/ml penicillin, and 100 mg/ml streptomycin. MCF-10A cells are cultured in 1:1 DMEM:F12 media (Invitrogen) with 5% house serum (Invitrogen), 20 mM HEPES, 10 mg/ml insulin, 0.1 mg/ml Cholera Toxin, 500 ng/ml hydrocortisone, 100 U/ml penicillin, and 100 mg/ml streptomycin. MCF-7 cells and HeLa cells are cultured in DMEM with 10% fetal calf serum. Cells are plated on collagen I coated MatTek dishes at a density of 20 per mm 2 overnight before experiment.
Microinjection is performed using a glass needle and a FemtoJet microinjector (Eppendorf) mounted on a bright-field microscope. About 50 cells are injected per dish; each cell is injected up to 50 tracer particles to eliminate the interference to cell function. Cells are then allowed to recover in culture medium for 6 hr, and are imaged on a confocal microscope at 37 C and 5% CO 2 . Organelles and injected tracer particles are imaged with bright-field or confocal microscopy using a 633/1.2NA water immersion lens on a Leica TSC SP5. Please refer to Extended Experimental Procedures for more details.
To inhibit myosin II motor activity, blebbistatin (Toronto Research Chemicals) is dissolved in DMSO and added to cell culture media to a 10 mM final concentration, incubating for 30 min. ATP depletion is achieved by incubating cells with 2 mM NaN 3 and 10 mM 2-deoxyglucose in PBS for 1 hr.
Particle Surface Chemistry Fluorescent carboxylate-modified polystyrene spherical particles (100, 200, and 500 nm, from Molecular Probes) are rendered inert by grafting short amine-terminated methoxy-poly(ethylene glycol) to the surface of carboxylated microspheres, as described previously (Valentine et al., 2004) . PEG coated particles are stored at 4 C and used within 2 weeks. Both yellow-green and far red particles for each size are used in this study.
Particle Tracking and Analysis
The trajectories of the fluorescent particles are recorded every 10 ms for about 2 min. The images are processed with particle tracking software written by J. Crocker, D. Grier and E. Weeks, in IDL (http://www.physics.emory.edu/ $weeks/idl/). Particle centers are found in each image with an accuracy of 22 nm. The MSD of the probe particles is nearly constant in time at short timescales (t % 0.1 s), and is about an order of magnitude greater than the noise floor, as shown in Figure S1A . Please refer to Extended Experimental Procedures for more details.
Optical Tweezers Setup
To optically trap and manipulate 500 nm beads in the cytoplasm of living cells, the beam from a variable-power Nd:YAG solid-state laser (4 W, 1064 nm; Spectra Physics) is steered through a series of Keplerian beam expanders to overfill the back aperture of a 1003 1.3 numerical aperture microscope objective (Nikon S-fluor; Nikon). To steer the beam and manipulate the trapped bead, two acousto-optic deflectors (NEOS Technologies) are used to manipulate the beam in the plane of the microscope glass slide. For detection, the bead is centered on a high-resolution position detection quadrant detector (MBPS; Spectral Applied Research) and illuminated using brightfield illumination from a 75 W Xe lamp. The linear region of the detector is calibrated by trapping a bead identical to those used in the cells in water and moving it across the detector using the acousto-optic deflectors in known step sizes. The trap stiffness is calibrated to 0.05 pN/nm using the mean-squared Brownian motion of a trapped bead in water at various laser power settings using the principle of energy equipartition as previously described (Veigel et al., 1998) . A trapped bead is oscillated across a frequency range of 0.3-70 Hz using the acousto-optic deflectors, and the laser position and bead displacement are recorded simultaneously, from which the elastic and viscous shear moduli are determined.
Osmotic Stress
Hyperosmotic stress is applied by adding polyethylene glycol 300 (PEG300) to isotonic culture medium. Cells are then allowed to equilibrate for 10 min at 37 C and 5% CO 2 , before we perform the imaging or optical-tweezer measurement. The cell size and mechanics equilibrate in 2 min after adding PEG, based on our imaging and previous studies (Zhou et al., 2009 ).
Measurement of Protein Movement with Photoconvertable Dendra2
To measure the large length scale movement of small proteins, we use the photonically switchable fluorescent proteins Dendra2, a photoconvertible fluorescent protein which irreversibly switches from green (GFP-like) to red (RFP-like) when exposed to a brief flash of 405 nm light (Chudakov et al., 2007a) . We transfect HeLa cells with Dendra2 (Evrogen), then perform fluorescence loss after photoconversion (FLAC) measurements as described previously (Ehrlicher et al., 2011) . In FLAC measurements using Dendra2, we start with the green fluorescence of unconverted Dendra2, which allows us to identify cells with high expression that are bright. We then flash the cell with a brief ($50 ms) flash of 405 nm light, while monitoring both the green and red fluorescence. A dip in the green fluorescence is observed, but a bright spot of red fluorescence in the pulsed region is clearly visible. By monitoring the increase of red fluorescence at different distances from the pulsed region, we can quantify the movement of the Dendra2 probe throughout the cell. Please refer to Extended Experimental Procedures for more details. 
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